The presence of resident microbiota on and inside plants is hypothesized to influence many phenotypic attributes of the host. Likewise, host factors and microbe-microbe interactions are believed to influence microbial community assembly. Rigorous testing of these hypotheses necessitates the ability to grow plants in the absence or presence of resident or defined microbiota. To enable such experiments, we developed the scalable and inexpensive FlowPot growth platform. FlowPots have a sterile peat substrate amenable to colonization by microbiota, and the platform supports growth of the model plant Arabidopsis thaliana in the absence or presence of soil-derived microbial communities. Mechanically, the FlowPot system is unique in that it allows for total-saturation of the sterile substrate by "flushing" with water and/or nutrient solution via an irrigation port. The irrigation port also facilitates passive drainage of the substrate, preventing root anoxia. Materials to construct an individual FlowPot total ~$2.
Abstract
The presence of resident microbiota on and inside plants is hypothesized to influence many phenotypic attributes of the host. Likewise, host factors and microbe-microbe interactions are believed to influence microbial community assembly. Rigorous testing of these hypotheses necessitates the ability to grow plants in the absence or presence of resident or defined microbiota. To enable such experiments, we developed the scalable and inexpensive FlowPot growth platform. FlowPots have a sterile peat substrate amenable to colonization by microbiota, and the platform supports growth of the model plant Arabidopsis thaliana in the absence or presence of soil-derived microbial communities. Mechanically, the FlowPot system is unique in that it allows for total-saturation of the sterile substrate by "flushing" with water and/or nutrient solution via an irrigation port. The irrigation port also facilitates passive drainage of the substrate, preventing root anoxia. Materials to construct an individual FlowPot total ~$2.
A simple experiment with 12 FlowPots requires ~4.5 h of labor following peat and seed sterilization. Plants are grown on FlowPots within a standard tissue culture microbox after inoculation, thus the Flowpot system is modular and does not require a sterile growth chamber. Here, we provide a detailed assembly and microbiota inoculation protocol for the FlowPot system. Collectively, this standardized suite of tools and colonization protocols empowers the plant microbiome research community to conduct harmonized experiments to elucidate the rules microbial community assembly, the impact of microbiota on host phenotypes, and mechanisms by which host factors influence the structure and function of plant microbiota.
INTRODUCTION
In an 1885 address to the French Academy of Sciences, Louis Pasteur expressed doubts that axenic (i.e., germ-free) animals were capable of survival 1 . Pasteur went on to credit the work of Duclaux, who reported that peas and beans could not thrive in thoroughly sterilized soil and that plants likely require nutritive assistance from bacteria 2 .
Pasteur's skepticism catalyzed the emergence of a new field: Gnotobiology. Two major motivations for establishing axenic experimental systems that also accommodate gnotobiotic (defined microbiota) or holoxenic (undefined microbiota) hosts are: 1) to elucidate the impact of host-associated microbiota on the host and vice versa and 2) to identify host and environmental factors that influence microbiota structure and function.
Careful consideration must be taken when designing an axenic growth system to minimize artifacts and sample variability, but not at the expense of versatility.
Environmental factors are the major drivers of differential taxonomic composition and diversity among host-associated microbiota [3] [4] [5] . Thus, abiotic factors must be accounted for when performing a microbial colonization experiment for reproducibility of host phenotypes and community dynamics. For example, in the model plant Arabidopsis, humidity influences microbiota composition and the plant's ability to defend against foliar pathogens 6 . Ecological drivers of soil microbiota composition are associated with physical and chemical factors, including, but not limited to: porosity and water retention, carbon, nitrogen and phosphate availability, pH, percent organic content, and cation exchange capacity 7, 8 . When conducting a microbiota colonization experiment and comparing gnotobiotic or holoxenic plants to axenic plants, it is essential to consider abiotic factors of the substrate as well as the growth environment, particularly if the intention of the experiment is to recapitulate a microbial community reminiscent of a soil microbiota.
Existing growth methodology for plant microbiome research
Axenic Arabidopsis growth can be accomplished with routine tissue culture methodology on a phytonutrient agar substrate (or similar) contained within a light-and gas-permeable vessel. However, routine tissue culture systems do not provide a soil-like growth substrate for microbial colonization. Furthermore, agar-based systems are notorious for non-uniform nutrient and O2 delivery over time 9 . Hydroponic and aeroponic systems can alleviate issues with nutrient uniformity and O2-delivery by agitation and media replenishment, but such systems still do not provide a soil-like growth substrate for microbial colonization 10 . Furthermore, it can be challenging to maintain axenic conditions or prevent cross-contamination in common-reservoir hydroponic systems.
Non-soil substrates, such as sand, quartz, vermiculite and calcined clay, are frequently used in gnotobiotic systems [11] [12] [13] [14] . These substrates are porous, thus providing surface area for microbial colonization and root penetration. However, batch-to-batch variation of ceramic substrates can result in a wide range of labile ions 14 . Calcined clay, for example, has sorptive properties that can reduce labile concentrations of P, Fe, Cu and Zn, and desorptive properties that can cause excess labile B, Mg, Ca, S, K, and Mn, leading to potential toxicity of the latter 15 . While thorough washing or soaking of the nonsoil substrate can reduce the initial excess of labile ions, flow and drainage are important to reduce significant changes in chemistry over time. Furthermore, the aforementioned non-soil substrates lack significant organic carbon typical of soil, which is typically beneficial to plant and microbial survival and/or growth, unless supplemented.
Soil has been used as a substrate in axenic systems, but often presents challenges, such as contamination or hindered plant growth due to suboptimal sterilization procedures. Numerous sterilization methods have been used with soil, including: autoclaving, dry heat, irradiation, microwave, fumigation by gaseous chemicals, and saturation with various sterilants (i.e., mercuric chloride, sodium azide, formaldehyde) 16 .
All methods of soil sterilization alter, to some extent, physical and/or chemical properties of soil. Chemical sterilization methods are not appropriate for plant growth systems due to phytotoxic effects. Autoclaving soil has been shown to increase levels of watersoluble carbon, some ions and reduce pH 17 , but not significantly alter ion exchange capacity. Gamma-irradiation has been reported to minimally disrupt the physical attributes of soils, but can result in the generation of reactive oxygen species, capable of depolymerizing the C-C bond of polysaccharides 18 . Both autoclaving and gamma irradiation can result in changes of the physical structure of the soil, exposing more surface area and thus altering sorptive properties. Complete sterilization of some soils can be achieved with minimal chemical alterations by autoclaving a thin layer of soil for three short (<45 min) autoclave cycles with 18-24 hour intervals [19] [20] [21] . Subsequent flushing of sterile substrate can increase plant productivity, presumably by rinsing away soluble phytotoxic byproducts.
Features and usage of the FlowPot apparatus
Here, we describe an easily-constructed axenic growth system with a peat-based substrate that we call the FlowPot system. We provide a protocol that details how to grow Arabidopsis in axenic FlowPots (no viable microorganisms detected), gnotobiotic 
Experimental design
In addition to the microbiota colonization experiment by Hassani et al 22 , here we provide another example experiment that compares the abundance of select photosynthesisassociated proteins in holoxenic and axenic Arabidopsis.
Assembly protocol MATERIALS

REAGENTS
• Sterile, reverse-osmosis filtered water • Medium vermiculite, horticultural grade
• Polypropylene trays (United Scientific Supplies, cat. no. 81701)
• Cable ties, 22 mm (TENAX Corporation, Baltimore, USA, cat. no. 120094)
• Sun bag (Sigma-Aldrich, cat. no. B7026)
• Whirl-Pak bags (Nasco, cat. no. 01-812-6C)
• Cell strainer, 40 μm (Falcon, cat. no. 352340)
• Drill bit, 8.8 mm (e.g., Chicago-Latrobe, cat no. 47329)
• Blocks of polypropylene, 12 cm X 8 cm x 1 cm (United States Plastic Corp, cat.
no. 42605); alternatively, use Ranin RT-L1000 tip box inserts
GENERAL EQUIPMENT
• Biosafety cabinet or laminar flow hood (e.g., Logic+ Class II A2 Biological Safety Cabinet, Labconco, cat. no. 302611100; or Console Horizontal Airflow Workstation, Nuaire, cat. no. NU-301-530)
• Standard Sterile Petri plates, 100 x 15 mm (VWR, cat. no. 25384-302)
• Test tube clamp or clamp modified hemostat (e.g., Stoddard Clamp, United Scientific Supplies, cat. no. TTCL03)
• Pipet and 1 ml filter tips (e.g., classic PR-1000 pipette and 1 ml RT-L1000F filter tips, Rainin, cat. nos. 17008653 and 17002920)
• Funnel, 150 mm (Fisher Scientific, cat. no. 10-500-3)
• Glass Erlenmeyer flasks, 2 L (Corning, cat. no. 4980-2L)
• Sterile glass media bottles with screw cap, 2 L (Corning, cat. no. 1395-2L)
• Sterile graduated cylinders, 500ml (Thermo Scientific, cat. no. 36620500)
• Bunsen burner (e.g., Humboldt Manufacturing Company, cat. no. H5870)
• Test tube racks (Thermo Scientific, cat. no. 59700020)
• Miter saw (e.g., Ryobi, cat. no. DC970K-2)
• Drill (e.g., 18-Volt Compact Drill/Driver, Dewalt, cat. no. DC970K-2)
• Growth chamber with desired lighting (e.g., Percival cat. no. CU36L5)
REAGENT SETUP
• Dilute Multi-Terge detergent (EMD Millipore) to 2% (v/v) produced in house: Anti-Toc159, Anti-Toc75, anti-Tic110, anti-ClpC 27 . All primary antibodies were incubated using a 1:4,000 dilution. The detection method employed used a secondary anti-rabbit conjugated to alkaline phosphatase (KLP, Inc.
Gaithersburg, MD) at 1:5,000 dilution for 1 hour in 5% DM/TBST. The blots were developed using a standard Alkaline Phosphatase (AP) detection system with BCIP/NBT as substrates (Sigma-Aldrich, St. Louis, MO, USA). We found that holoxenic and axenic Arabidopsis had similar levels of examined photosynthesis-associated proteins (Fig. 2) , which is in line with the healthy appearance of axenic Arabidopsis.
? Troubleshooting
Troubleshooting advice can be found in Table 1 . Decrease sterilization time. It may be necessary to empirically determine the duration of sterilization based on the volume of seeds in individual aliquots. We found that 6 h sterilization time had no adverse effect on germination rate. Alternatively, liquid bleach can be used to sterilize seeds; however this approach fails to decontaminate endophytes.
•TIMING
Pre-experiment preparation:
Steps 1-4, construction of FlowPots: ~1.5 h
Step 5, preparation of the soil extract source community: varies 
Anticipated Results
We have shown that the FlowPot system can be used to study microbiota dynamics in planta 22 and for basic characterization of plant phenotypes (Fig 2) . In the future, this system should allow researchers to investigate a wide variety of other questions in plant and microbial sciences where presence and absence of individual microbes or synthetic or natural microbiota are a critical part of experimentation. These could include study of the rules governing microbial community assembly, the impact of microbiota on host phenotypes, gene expression and epigenetic processes, and mechanisms by which host factors influence the structure and function of plant microbiota. Specific experimental designs to address such questions may necessitate modification of certain aspects of the FlowPot system, which will likely lead to specialized iterations of the basic system described here.
